In higher plants, autophagy-related genes (ATGs) appear to play important roles in development, senescence, and starvation responses. Hormone signals underlying starvation-induced gene expression are involved in the expression of ATGs. An effect of starvation stress on the expression of ATGs and ethylene-related genes in young seedlings of soybean (Glycine max [L.] Merr. cv. Fukuyutaka) was analyzed. Reverse transcription-polymerase chain reaction (RT-PCR) showed that the expression levels of GmATG8i and GmATG4 increase in a starvation medium, but at a null or marginal level in a sucrose/nitrate-rich medium. The expression of GmACC synthase and GmERF are also upregulated in the starvation medium. In addition, immunoblot revealed that ethylene insensitive 3 (Ein3), an ethylene-induced transcription factor are accumulated in seedlings subjected to severe starvation stress. These results indicate that starvation stress stimulates the expression of GmATG8i and ethylene signal-related genes. Since the ethylene signal is involved in senescence and various environmental stresses, it is possible that starvation stress-induced autophagy is partly mediated by the ethylene signaling.
Autophagy plays important roles in the bulk degradation of intracellular components and recycling of amino acids. 1) Moreover, it is induced in response to various stresses including starvation, high temperature, hormonal stimulation, and microbial invasion, and intracellular stress including damaged organelles and senescence. [2] [3] [4] Several lines of evidence from genetic and biochemical studies of autophagy-deficient mutants of budding yeast have identifed a set of novel genes, autophagy related genes (ATGs), involved in autophagy. 5) Among ATG proteins, Atg8 is a ubiquitin-like protein that is first processed by the cysteine protease Atg4, removing the carboxyl terminal arginine residue and exposing a glycine residue at the carboxyl terminal end. 6) Through an ubiquitin conjugation-like mechanism, processed Atg8 is covalently conjugated to phosphatidyl ethanolamine (PE) on an autophagosome membrane. 7) In contrast to budding yeast, which has a single ATG8 gene in its genome, the Arabidopsis thaliana genome encodes nine ATG8 (AtATG8a-i) orthologs. 8) Furthermore, the expression of ATG8s and ATG4 is enhanced under starvation in plants, 9) possibly involving recycling of amino acids and bioenergentic compounds. It is well known that signals of nutrient condition and/or starvation have pleiotropic effects on stress-related phytohormonal signals. 10) Our previous study indicated that the expression of GmATG8c and GmATG8i increases in the leaf and decreases in the seed from reproductive stage 5 (R5) to R6 in seed maturation. 11) At the late pod-filling stage, increases in nutrient-up-take capacity and synthesis of storage proteins in growing seed might stimulate unknown signalings to the leaf, leading to enhancement of autophagy and senescence. These observations suggest that the mechanism of autophagy in plants is a more complex system than in budding yeast. To assess the relationships of autophagy and phytohormonal signals in the starvation response of the soybean, a set of soybean ATG homologs, GmATG8s and GmATG4, which are involved in a ubiquitin-like conjugation pathway was analyzed. The expression of GmACCS and GmERF, which is essential for ethylene synthesis and ethylene-responsive gene expression, were also examined.
Six sets of 1-week-old soybean seedlings and leaves of a 6-week-old young soybean plant were used. When the length of the hypocotyls reached between 6 and 8 cm, cotyledons of the seedlings were removed. The seedlings were incubated at 25 C in a nutrient-rich medium or a starvation medium, and harvested at intervals of 0, 12 and 24 h. The nutrient-rich medium contained 10 mM MOPS-KOH, pH 7.4, 2% sucrose, 10 mM KNO 3 , 2 mM of MgSO 4 and 10 mM KH 2 PO 4 . The starvation medium contained 10 mM MOPS-KOH [pH 7.4], 10 mM KCl, 2 mM MgSO 4 , and 10 mM KH 2 PO 4 , and was supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF, a serine protease inhibitor), 10 mg mL À1 leupeptin (a cysteine protease inhibitor), 100 mM E64-d (a membrane permeable cysteine protease inhibitor) (PEPTIDE Inc., Osaka, Japan) and 10 mM quinacrine (a final concentration) for alkalization of vacuolar pH. Three-week-old soybean leaves were incubated in a water containing 100 mM 1-aminocyclopropane-1-carboxylate (ACC).
Soybean ATG homologs identified in the DFCI Soybean Gene Index (SGI) (http://compbio.dfci.harvard.edu/tgi/) and Phytozome ver. 6 Glycine max (http: //www.phytozome.net/soybean) were analyzed by RT-PCR with gene-specific primers for nucleotide sequences as follows: GmATG8c, (Glyma15g11510, TC218668); GmATG8i (AB453309, Glyma02g01180); GmATG4 (Glyma18g48380, TC228796) . 12) To analyze ethylene signaling, gene specific primers were designed for an ethylene-responsive element binding factor (GmERF, Glyma20g34570, TC208572) 13) and a wounding inducible 1-aminocyclopropane-1-carboxylate synthase (GmACCS, X67100, Glyma05g37410), 14) which show the highest similarlities (50% and 59.7% in amino acid sequence) among soybean orthologs with AtERF1 and AtACS2 respectively. Gene-specific primers for actin (V00450, Glyma08g15480) were used as positive control. RT-PCR was performed with Rever TraACE kit (Toyobo Co., Ltd., Osaka, Japan) and GoTaq Kit (Promega Bioscience Inc., Madison, USA), according to the manufacturer's manuals. After synthesis of cDNA in a 20 mL reaction with 1 mg of total RNA prepared by SDS-Phenol-LiCl method and 5 pmol of oligo-dT 15 , PCR was performed in a 20-mL of reaction composed of 10 mL of 2xGoTaq reagent, 1 mL of cDNA, the 250 nM primers (Table 1) , and H 2 O with thermal cycler PC-816 (Astec Inc., Fukuoka, Japan) under a following thermal cycle condition: initial denaturing at 94 C for 2 min, followed by 3 steps of 26-28 cycles (as indicated) denaturing at 94 C for 10 s, annealing at 58 C for 10 s, extending at 72 C for 40 s and final extention at 72 C for 30 s. The resulting PCR products were visualized by FluorChem (Cell Bioscience, Santa Clara, CA) after electrophoresis in 1.5% agarose gels and staining with ethidium bromide.
To raise an anti-Ein3-specific antibody, a recombinant protein of HisÂ6-tagged Ein3 polypeptide was prepared as antigen. Accordingly, a PCR fragment was amplified by PCR with KOD plus DNA polymerase (Toyobo Co., Ltd.) and a set of primers specific for a highly conserved region coding 87-300 aa of GmEIN3 (Glyma13g03700, TC351503, Table 1 ) was and ligated into a BamH IHind III site of pQE9 (Qiagen Inc., Valencia, CA) after digestion of the PCR product with BamH I and Hind III. HisÂ6-tagged polypeptide was expressed and purified from extracts of E. coli cells (BL21DE3) containing pQE-partial GmEIN3 with an Ni-NTA His-Bind Resin column (Qiagen Inc.), as described in the manufacturer's instruction manual. An anti-Ein3 antibody was raised against the HisÂ6-tagged GmEin3 polypeptide (0.5 mg protein) in a rabbit (Iwaki, Tokyo).
To prepare protein samples for immunoblot, 1-week old seedlings (about 1 g fresh weight) treated in nutrientrich or starvation medium for 24 h were harvested and homogenized on an ice-cooled mortor with liquid nitrogen and mixed with 3 mL of 1xTBS containing 10 mM EDTA, 5% glycerol, 0.2% -mercaptoethanol, 1 mM PMSF, 10 mg mL À1 leupeptin, and 1 mM benzamidine. After centrifugation of the crude extracts at 5;000 Â g for 5 min at 4 C, the resulting supernatant was centrifuged at 100;000 Â g for 60 min at 4 C (RP65 rotor; 70P-72 ultracentrifugator, Hitachi Ltd., Tokyo, Japan) to prepare a high speed pellet (HSP, microsomes) and a high speed supernatant (HSS, soluble fractions). Protein concentrations were determined with BioRad Protein Assay Kit (BioRad, Hercules, CA). Immunoblot was carried out as described previously. 15) After SDS-PAGE of 10% acrylamide gels applied with each 50 mg protein per lanes, polypeptides were electro-transferred to PVDF membranes (Millipore, Billerica, USA) in 25 mM Tris base containing 0.05% SDS and 20% methanol at 10 V cm À1 for 2 h. After blocking with 1xTBS containing 3% skim milk (TBS-milk) for 1 h, the PVDF membrane was incubated in TBS-milk with antiGmAtg8i antibody (dilution, 1/1,000) 11) or with antiGmEin3 antibody (this study) (dilution, 1/2,000 [v/v]) and 0.05% Tween20 for 2 h at 4 C and then in TBSmilk with horse raddish peroxidase-conjugated anti rabbit antibody (dilution, 1/5,000 [v/v], GE Healthcare Bio-Sciences Ltd., Piscataway, NJ) for 1 h. Immunoreactive signals were visualized by ECL Plus Kit (GE Healthcare Bio-Sciences Ltd.) and FluorChem.
According to a BLAST search of ATG8 ortholog genes in the soybean genome on Phytozome ver. 6 and EST data on DFCI SGI, transcripts coding ATG8 ortholog proteins have been found to be expressed by at least nine genes. Among those ATG8 ortholog genes in the soybean, GmATG8c and GmATG8i appear to be significantly induced under senescence 11) and starvation 12) respectively. In addition, it has been reported that ATG4 ortholog genes are also highly induced under severe starvation conditions in Arabidopsis 9) and soybean.
12) Therefore, to investigate the relationship between hormonal signal and autophagy, we focused on expression profiles of GmATG8c, GmATG8i and GmATG4 in soybean seedlings to monitor autophagy under various nutrient conditions (nutrient rich or starvation with protease inhibitors). GmATG8c, GmATG8i, GmATG4 and ethylene-related genes were analyzed by RT-PCR, using total RNA prepared from the leaf, control seedlings and 1-week-old seedlings (after removal of the cotyledon) treated in various media at various time intervals. Compared with the control seedlings, the expression levels of GmATG8i and GmATG4 in the seedlings were upregulated in response to starvation treatment. In contrast, the expression levels of GmATG8i and GmATG4 decreased under nutrientrich conditions, suggesting that a nutrient signal with a high concentration of sucrose and/or nitrate ions from the rich-nutrients medium suppressed the expression of those ATGs, even though the cotyledon was removed from the seedlings. This observation for soybean seedlings is consistent with a previous report that the expression levels of AtATG8 genes in leaves of Arabidopsis plants decrease under sucrose treatment.
8)
The expression levels of GmATG8c were scarcely changed under nutrient-rich and starvation conditions at the same cycle numbers on RT-PCR (Fig. 1A) . Under the nutrient-rich condition, the expression levels of GmATG8i and GmATG4 increased slightly when the incubation time was prolonged from 12 to 24 h. It is possible that the depletion of nutritions resulting from nutrient take-up by the seedlings for 24 h caused upregulation of ATGs, similarly to the starvation treatment. When the expression profiles of those ATGs were compared between leaves and control seedlings, GmATG8i and GmATG8c were expressed at the same level in both leaves and control seedlings, but GmATG4 was less expressed in the control seedlings than in the leaves.
To determine the intracellular distribution of GmAtg8i in the soluble fractions (HSS) and the microsomes (HSP), 1-week-old seedlings treated under starvation conditions for 24 h were subjected to centrifugation to prepare HSS and HSP (see ''Materials and Methods'') and then to immunoblot with anti-GmAtg8i antibody. Immuno-reactive signals were detected at 14 kDa in microsomes (HSP) of each sample but not in the soluble fractions (Fig. 1B) , suggesting that GmAtg8i is localized on the membrane. To determine the induction of autophagy by monitoring protease inhibitor-sensitive degradation of endogenous GmAtg8i, soybean seedlings were subjected to starvation conditions in the presence (Fig. 1C, right) and the absence (left) of protease inhibitors. The accumulation of GmAtg8i in the soybean extracts was more abundant in the presence of protease inhibitors than in the absence protease inhibitors, indicating that starvation treatment with depletion of sucrose and nitrate induces degradation of GmAtg8i via autophagy in vacuoles as previously reported. 12) To determine whether the ethylene signal was involved in starvation response of soybean seedlings, the expression profiles of GmACCS and GmERF in the leaves, control seedlings and nutrient-rich-conditioned and starvation-treated seedlings were analyzed by RT-PCR. While GmACCS and GmERF were significantly induced in response to starvation, the expression levels of both genes were weak or marginal in the nutrient-rich conditioned seedlings and the control seedlings ( Fig. 2A) . Accumulation of mRNAs of GmACCS and GmERF increased as incubation time in the starvation medium was prolonged. When compared with the seedlings under the starvation medium, the expression levels of GmACCS and GmERF were weak or marginal in the control seedlings.
It has been reported that a set of ERF family genes in the soybean are induced by pleiotropic signals, including drought, salinity, chilling, and wounding, and phytohor- Soybean seedlings were incubated in the presence of sucrose and nitrate (control) for 1 d, and then treated in the same medium (Suc þ N) or in starvation medium containing protease inhibitors in the absence of sucrose and nitrate (Starvation). Samples of soybean leaves and seedlings were harvested at the intervals indicated, and then subjected to semi-quantitative RT-PCR (A) and immunoblot (B). The soybean seedlings were treated in sucrose/nitrate-depleted medium in the presence (þ inhibitors: C, right) and the absence (À inhibitors: C, left) of protease inhibitors and crude extracts (5;000 Â g supernatants) of soybean seedlings were prepared with lysis buffer supplemented with 1% Triton X-100 for immunoblot. Immunoblot of 100;000 Â g supernatants (HSS), the microsomes (HSP), and 5;000 Â g and crude extracts of soybean seedlings was carried out with anti-GmAtg8i antibody. mones such as ethylene, abscisic acid, and jasmonic acid. 13) To determine whether the ethylene-specific signal cascade is activated when GmATG8c and GmATG8i are induced in starvation stress-treated soybean seedlings, we focused on an ethylene-regulated transcription factor, EIN3, the gene responsible for ethylene insensitive mutant3.
GmACCS
16) The transcription factor, Ein3, is upregulated at its protein level in response to ethylene by suppression of ubiquitin-proteasome mediated degradation. Therefore, the protein level of Ein3 in soybean seedlings under starvation stress was monitored by immunoblot with an anti-Ein3 specific antibody as a specific signal downstream of ethylene perception. Immunoblot indicated that both starvation and severe starvation with protease inhibitors induced upregulation of Ein3 protein levels ( Fig. 2A) , which is caused by ethylene perception.
To determine the effects of ectopically applied ethylene on the expression profiles of ethylene signalrelated genes, ACC-treated soybeans were subjected to RT-PCR. ACC treatment transiently upregulated the expression of GmACCS, GmERF1, and GmATG8i, whereas water had only marginal effects on expression of these genes ( Fig. 2A) . The expression profiles of induction of GmACCS, GmERF and GmATG8i in response to ACC treatment were likely to resemble those under the starvation treatment (Fig. 1A) . Crossreactivity of the anti-Ein3 antibody was confirmed by immunoblot with recombinant GmEin3 and the endogenous GmEin3 protein with a relative molecular mass of approximately 70 kDa in the soybean seedlings (Figs. 2B, 3B) . Immunoblot with the anti-Ein3 antibody indicated that ACC and starvation significantly induced up-regulation of the Ein3-related protein level (Figs. 2B,  3B ), suggesting that induction of GmERF and GmATG8i is associated to up-regulation of Ein3 in response to ethylene perception.
RT-PCR showed that GmATG8i and ethylene signalrelated signal molecules were co-induced in the seedlings under starvation (Figs. 1A, 2A ). Cotyledon is a major source of carbohydrates, amino acids, and other nutrition for growing seedlings. Autophagy is reported to be required for the degradation of storage proteins in legume cotyledons and remobilization of nutritions to hypocotyls and roots at the seedling stage. 17) After the cotyledons were removed from the seedlings, the carbohydrates and nitrogen necessary for the growth and metabolism of the seedlings were supplied only by compositions of the media. It has been reported that sucrose starvation accelerates expression of a set of ATGs in Arabidopsis and that autophagosomes are accumulated in the cytosol in the presence of protease inhibitors. Our observation that the starvation condition induced expression of ATG homologs in the soybean seedlings is consistent with the autophagy system of Arabidopsis. Autophagosomes associated with Atg8 become subject to degradation in the vacuoles when the autophagy process is activated. 18) In the case of absence of protease inhibitors, starvation of sucrose or nitrate results in significant decreases in the GmAtg8i protein level but stimulates the mRNA of GmATG8i.
12)
On the other hand, the increase in the GmAtg8i protein level under the starvation conditions (Fig. 1B, C) suggests that protease inhibitors suppresses degradation of GmAtg8i and other cytosolic proteins even though autophagy is induced. Various phytohormone signals are known to be involved in environmental stress responses, development, and senescence. 10) Our previous study indicated that the induction of a set of ATGs is closely associated to leaf senescence of soybean plants at the pod-filling stage. 4) Because the ethylene signal might cause leaf senescence, it can be assumed that the ethylene signaling is involved in the expression of ATGs both in the senescing leaf and the starvation stresstreated hypocotyls. It is conceivable that phytohormones mediate the gene expression of ATGs and/or autophagy process under starvation. The observation that starvation induced the expression of GmACCS and GmERF indicates that the starvation stress promotes the production of ethylene and ethylene-responsive gene expression (Figs. 2A, 4 bold line) . It has been reported that stabilization of the Ein3 protein by ethylene has an essential role in the induction of a set of ethyleneinducible genes by upregulation of ERF1. 19) Glucose starvation was reported to stimulate the ethylenemediated phospholipid metabolic pathway in carrot suspension cells. 20) Yanagisawa and Sheen 21) have reported that a sugar-nutrient signal enhances HEX kinase 1-dependent degradation of the Ein3 protein, resulting in suppression of ethylene-inducible genes such as ERF1. Accordingly, the sugar-induced degradation of Ein3 protein might be involved in the downregulation of GmERF expression in soybean seedlings under nutrient-rich conditions (Fig. 2A) . The expression profiles of GmERF in response to starvation and ACC treatment were similar to those of GmATG8i. Here, it is conceivable that GmERF and GmATG8i are regulated along the same signal pathway downstream of ethylene perception (Fig. 4 bold lines) . A transcriptome study indicated that a set of genes related to ethylene synthesis and ethylene-responsive gene regulation are induced in response to senescence in Arabidopsis. 22) It has been reported that in yeast and animal cells, a nutrient sensing mechanism via TOR (target of rapamycin) is involved in the intracellular dynamics and translocation of autophagosomes (Fig. 4 thin line) . 23) Recently, Li and Bassham 24) reported that AtTOR negatively regulates Soybean seedlings were treated with 100 mM ACC in the presence of sucrose and nitrate, and then total RNA was extracted from them at the intervals indicated. This was subjected to semi-quantitative RT-PCR (A), and immunoblot (B). Semi-quantitative RT-PCR with gene specific primers for GmATG8i and GmERF (Table 1 ) was carried out as described in ''Materials and Methods.'' Detection of Ein3-related polypeptides in the soluble extracts was carried out by immunoblot with anti-Ein3-specific antibody.
the autophagy of Arabidopsis based on the observation that RNAi of AtTOR enhances constitutive autophagy with induction of AtATG18a and AtATG9, but not AtATG8b,e,f,h. According to a BLAST search of TORrelated genes in the soybean genome with Phytozome ver. 7, putative TOR orthologs were identified in at least two genes (Glyma01g45220 and Glyma11g00480). It is assumed that the autophagy-mediated membrane trafficking and the expression of ATG18 and ATG9 are regulated by the TOR cascade in a manner different from the gene regulation of ATG8 and ATG4 in response to starvation and senescence, but no available information is available on the involvement of a soybean TOR in autophagy or starvation stress signaling. The molecular and cell biological linkages between ethylene-mediated induction of ATG8 and ATG4 and TOR-regulated autophagy in soybean still remain to be clarified.
The present study indicates that starvation stress and ACC enhance the ethylene-related signaling and the induction of autophagy-related genes, accompanied by upregulation of Ein3 protein and autophagy. It is conceivable that ACC and oxidative stress stimulate the ethylene synthesis by stimulating GmACCS expression, leading to ethylene-responsive gene expression via induction of transcription factors, GmERF and GmEin3 (Fig. 4 bold arrows) .
The study suggests that ethylene production and ethylene-induced gene expression are accompanied with expression of GmATG8i and GmATG4 when soybean seedlings are subjected to severe starvation stress (Fig. 4) . The ethylene signal possibly regulates the expression of GmATG8c,i and GmATG4 in senescing leaves, because the autophagy plays an important role in the remobilization of nutrients from source to sink organs. 4) In order to answer the question how starvation stress is mediated in the regulation of ATG expression or the autophagy process, we are currently focusing on the transcriptional regulation mechanism of plantspecific ATG expression via ethylene-related transcription factors. The starvation signal exerts ethylene synthesis via induction of GmACCS, and the resulting ethylene increases GmEin3 protein and GmERF expression, leading to upregulation of GmAtg8i. After GmAtg8i is conjugated to phosphatidyl ethanolamine (PE), increased supply of GmAtg8i-PE possibly accelerates autophagosome formation and the protein degradation in the vacuoles (bold lines, left). Molecular and genetic research on mammal and budding yeast has revealed that branched-chain amino acids (BCAA) play important roles in regulation of autophagy via target of rapamycin (TOR) kinases, which function as a negative regulator of the autophagy process (thin lines, right). However, the roles of a putative nutrient sensor (A), other targets of ethylene (B), and plant TOR homologs (C) in autophagy remain to be clarified.
